Intracellular localization plays an important role in the functional regulation of the cell cycle inhibitor p21. We have previously shown that calmodulin binds to p21 and that calmodulin is essential for the nuclear accumulation of p21. Here, we analyze the mechanism of this regulation. We show that calmodulin inhibits in vitro phosphorylation of p21 by protein kinase C (PKC) and that this inhibition is dependent upon calmodulin binding to p21. Two-dimensional electrophoresis analysis of cells expressing the p21 wild type or p21S153A, a nonphosphorylatable mutant of p21 at position 153, indicates that Ser153 of p21 is a phosphorylable residue in vivo. Furthermore, Western blot analysis using phospho-Ser153-specific antibodies indicates that Ser153 phosphorylation in vivo is induced when PKC is activated and calmodulin is inhibited. The mutation of Ser153 to aspartate, a pseudophosphorylated residue, inhibits the nuclear accumulation of p21. Finally, whereas wild-type p21 translocates to the cytoplasm after PKC activation in the presence of calmodulin inhibitors, p21 carrying a nonphosphorylatable residue at position 153 remains in the nucleus. We propose that calmodulin binding to p21 prevents its phosphorylation by PKC at Ser153 and consequently allows its nuclear localization. When phosphorylated at Ser153, p21 is located at the cytoplasm and disrupts stress fibers.
The cyclin-dependent kinase (cdk) inhibitor p21 cip1 is a protein with important roles in cell proliferation, cell cycle checkpoint responses, differentiation, senescence, and apoptosis (16, 19, 40, 44) . Although it does not have a catalytic activity, it interacts with a broad range of other proteins, thereby regulating their activities (15) . Like other members of the CIP/KIP family, p21 contains conserved cyclin and cdk-binding domains near the amino terminus of the molecule (10, 20, 21, 34, 39) . These sequences allow p21 to bind almost all cyclin/cdk complexes. While this binding leads to an inhibition of the activity of the cyclin/cdk2 complex and, to a lesser extent, cyclin/cdc2, its effect on the cyclin D/cdk4 complex is very different (11, 29) . p21 allows the assembly of the cyclin D/cdk4 complex and regulates its nuclear localization. This is due to the fact that, on one hand, binding of p21 to cytoplasmic cyclin D/cdk4 provides the complex with a nuclear localization signal (NLS) and, on the other, binding of p21 to nuclear cyclin D/cdk4 blocks exposure of the nuclear export sequences of cyclin D (2, 11) . The C-terminal half of p21 is different from that of other CIP/KIP family members. It binds to proliferating cell nuclear antigen (PCNA), inhibiting its role as a processivity factor for DNA polymerase ␦ in vitro (56) . Other cyclin A/E and cdk4-binding domains have been found in the C-terminal region of p21 (4, 47) . Furthermore, other proteins, such as calmodulin (CaM) (52) , SET (17) , GADD45 (25) , c-Myc (26) , C/EBP (53) , CARB (35, 54) , and C8 (54) bind to the C terminus, and their binding domains overlap with each other and with the PCNA-binding domain. Moreover, other proteins, such as E2F, procaspase 3, SAPK, and ASK1, also bind to p21 (15) . While the functions of all of these interactions are not yet fully understood, some may affect the cell cycle and others may affect apoptosis or cell differentiation, placing p21 as a connecting point between different functional pathways.
The interaction of p21 with different proteins can be regulated by phosphorylation. In fact, phosphorylation of the Cterminal region of p21 regulates its association with other proteins such as PCNA, as well as its stability and cellular localization (60) .
A functional regulation of p21 may also be exerted by its cellular localization. Only the nuclear form of p21 is able to inhibit cell cycle progression (41) , while cytoplasmic p21 seems to be a positive modulator of cell survival (7, 14) . p21 is localized in the cytoplasm during monocytic and neuronal differentiation, where it interacts with the kinases SAP and ASK1 and Rho-kinase (3, 45, 50) . It also interacts with procaspase 3 in the mitochondria to inhibit caspase 3 activation and to resist Fas-mediated cell death (48, 49) . Furthermore, cytoplasmic p21 prevents the formation of stress fibers in Ras-transformed cells (5, 31) . Considering also that the levels of p21 expression and cytoplasmic localization are highly increased in various cancers (6, 58, 59) , the analysis of the mechanisms regulating the cellular localization of p21 is important in the fields of cell proliferation and survival.
CaM is a Ca 2ϩ -binding protein that acts as a transducer of intracellular Ca 2ϩ signals (13, 37) . When bound to Ca 2ϩ , CaM is able to bind to other proteins (CaM-binding proteins [CaMBPs] ), directly regulating their activities (23, 28, 57) . Through the action of these CaMBPs, like CaM-dependent kinases II and IV, calcineurin, hnRNP A2, hnRNP C, and others, CaM regulates a great variety of cellular processes, such as gene expression, protein translation, and protein phosphorylation (1, 27, 36, 46, 55) . Consequently, CaM has been implicated in a large number of cellular events, including fertilization, cell division, cell differentiation, and neuronal signaling. Progression through G 1 and exit from mitosis are sensitive to changes in the intracellular concentration of CaM. Furthermore, the addition of specific anti-CaM drugs to cell cultures inhibits the reentry of growth-arrested cells into the cell cycle (G 0 /G 1 transition), the progression into and through S phase, and the entry and exit from mitosis (12, 33) . We have previously reported that the addition of CaM inhibitors to cultured fibroblasts during G 1 inhibits pRb phosphorylation and cdk4 activation (51) . Furthermore, we have shown that CaM binds to the C terminus of p21 near the NLS sequence and that the inhibition of CaM inhibits nuclear accumulation of p21, cdk4, and cyclin D1 (41, 51, 52) .
Here, we characterize the CaM-binding domain of p21 and assess whether the interaction of CaM with p21 is essential for the nuclear translocation of p21. Our data show that the interaction of CaM with p21 is not in itself essential for the nuclear translocation of p21, but it inhibits the phosphorylation of p21 by protein kinase C (PKC) and, as a consequence, prevents the cytoplasmic localization of p21.
MATERIALS AND METHODS
Plasmid construction and mutagenesis. Expression plasmids for green fluorescent protein (GFP)-p21 and glutathione S-transferase (GST)-p21 fusion proteins were constructed by single PCR as indicated in reference 41 but with reverse oligonucleotides carrying the appropriate mutations. Digestions with NdeI and HindIII allowed cloning into a modified pGEX-KG vector, and digestions with EcoRI and BamHI allowed cloning into pEGFP-C1 vector (Clontech). GFP-p21NLS codes for a p21 with the nuclear localization signal mutated as described previously (41) . The plasmid pMT2HAp21 for the N-terminal expression of the hemagglutinin (HA) tag in front of the complete p21 cDNA was a gift from C. Serra (IDIBAPS, Barcelona, Spain). To obtain the Ser153-to-Ala mutant (HA-p21S153A), single PCR was also performed with the appropriate forward and reverse oligonucleotides. The forward oligonucleotide incorporated an EcoRI site and the reverse oligonucleotide incorporated an XhoI site to allow digestion of the PCR product with these two enzymes and subcloning into the same pMT2HA plasmid. PCRs using a forward oligonucleotide with an EcoRI site and a reverse oligonucleotide with an XhoI site were used to subclone the different p21 mutants in the pMT2HA plasmid.
Protein expression, purification, and pulldown assays. GST-p21-containing plasmids were transformed into Escherichia coli strain BL21(DE3) carrying the pLysS plasmid. Expression and purification were performed by following the manufacturer's instructions (Amersham Biosciences, Inc.) with minor modifications (17) . Human recombinant CaM was also expressed in E. coli and purified as previously described (55) . Peptides (from the peptide facility of the University of Barcelona) and purified proteins were covalently bound to BrCN-activated Sepharose 4B, as indicated by the manufacturer (Pharmacia-Biotech.). Pulldown assays were performed as follows: 1 to 10 g of purified protein was incubated for 1 h at 4°C with 20 l of either CaM-Sepharose (1:1, vol/vol), CT-p21-Sepharose (1:1, vol/vol) (where CT represents the C terminus of p21), or peptide-Sepharose (1:1, vol/vol) in 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 1% Triton X-100 in the presence of either 0.1 mM CaCl 2 or 1 mM EGTA. After centrifugation, nonbound proteins were collected and bound proteins were washed three times in the same buffer and eluted directly with sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis Laemmli loading buffer, electrophoresed, and analyzed by Coomassie blue or silver staining.
Cell culture and transfections. NIH 3T3 and COS7 cells were grown in Dulbecco's minimum essential medium supplemented with 10% donor calf serum or 5% fetal calf serum, respectively. Transient expression of the different p21 mutants was achieved by transfecting the cells with the appropriate expression vectors and using Effectene (QIAGEN) or Lipofectamine (Invitrogen Life Technology) according to the manufacturer's instructions.
PKC activity assays. Ten micrograms of the different GST-CT-p21 mutants to be used as substrates was incubated with a mixture containing 25 mM HEPES (pH 7.5), 10 mM MgCl 2 , 0.5 mM dithiothreitol (DTT), and 25 M ATP in the presence or absence of CaM (20 g ) and the presence of either 0.1 mM CaCl 2 or 1 mM EGTA in a final volume of 30 l. The reaction was initiated by the addition of 0.25 l of rat brain PKC catalytic fragment (Biomol) and [␥-
32 P]ATP (300 Ci/mmol) (Amersham Biosciences). Kinase reactions were carried out for 30 min at 30°C and stopped by the addition of Laemmli sample buffer. Samples were run on 12% SDS-polyacrylamide gels, stained with Coomassie blue to confirm the same loading of GST-p21 in each lane, destained, and dried. Phosphorylation was detected and quantified by phosphorimaging (Bio-Rad).
BIAcore analysis. The PCNA protein was immobilized on a CM5 sensor chip by the amine coupling method. Purified GST-CTp21WT (91 to 164 amino acids [aa]) or GST-CTp21S153D (91 to 164 aa) proteins were diluted to various concentrations with HBS-EP buffer (Biacore), and each sample was injected separately at a flow rate of 15 l/min for 3 min. A final regeneration of the matrix was performed with 0.1% (wt/vol) SDS. The interactions among proteins and PCNA were detected and presented as a sensogram by plotting the resonance units against time. The kinetic results were calculated using BIAevaluation software (version 3.0.2.; Amersham Pharmacia Biotech).
Immunocytochemistry and fluorescence microscopy. For intracellular localization analysis of GFP fusion proteins, transfected cells were grown on coverslips and fixed in 4% paraformaldehyde-phosphate-buffered saline (PBS) (140 mM NaCl, 5 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 [pH 7.2]) for 20 min at room temperature. Coverslips were then washed three times (5 min each) in PBS and mounted on glass slides with Mowiol (Calbiochem). For the detection of HA-p21 fused protein, cells were fixed as described above, permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature, blocked for 20 min with 1% bovine serum albumin (BSA) in PBS, and then incubated for 1 h at 37°C in a humidified atmosphere with a monoclonal anti-HA antibody, clone 12CA5 (no. 1583816; Roche), at a 1:200 dilution. Coverslips were then washed three times (5 min each) in PBS and incubated for 45 min at 37°C with an Alexa594-or Alexa488-conjugated anti-mouse antibody (dilution 1:500; Jackson). Coverslips were washed and mounted as indicated above and analyzed by fluorescence microscopy. For each mutant and condition, the experiment was repeated at least three times, and each time the percentage of cells (from a total of 300) with exclusively nuclear signals was calculated. To detect stress fibers, phalloidin conjugated with Alexa594 (1:500 dilution; Molecular Probes) was added during the incubation with the secondary antibody. Analysis of bromodeoxyuridine (BrdU) incorporation in cells was done as described previously (41) .
Cell fractionation. Cells grown in p60 dishes containing COS7 cells at 80% confluence were scraped in PBS, pelleted (3 min at 2,000 rpm), and washed twice with the same buffer. Cells were resuspended in 300 l of buffer A (10 mM HEPES [pH 7.4], 1 mM EDTA, 1 mM DTT) containing protease and phosphatase inhibitors (1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 0.1 U/ml aprotinin, 1 mM orthovanadate, 50 mM NaF), and cell membranes were disrupted by 15 passages through a 23-gauge needle. Disruption of the cell membranes was confirmed under a microscope. Then, 300 l of buffer B (50 mM HEPES [pH 7.4], 500 mM sucrose, 10 mM Mg 2 SO 4 ) was added and the lysed cells were centrifuged for 15 min at 2,500 rpm. The supernatant (cytoplasmic fraction) was collected, aliquoted, and stored at Ϫ20°C, while the pellet was resuspended in 300 l of buffer A plus 300 l of buffer B, rehomogenized by five passages through a 23-gauge needle, and centrifuged for 10 min at 2,000 rpm on a 1.5-ml cushion of 0.88 M sucrose. The pellet was washed once with 500 l of buffer A plus 500 l of buffer B and centrifuged for 10 min at 1,700 rpm. The pellet (nuclear fraction) was resuspended with 100 l of 2% SDS and 67 mM Tris-HCl (pH 6.8) and sonicated twice for 20 s to shear the DNA.
All processes were performed at 4°C. The protein contents of the cytoplasmic and nuclear fractions were measured according to the Lowry method and subjected to Western blot analysis.
Western blot analysis and antibodies. Proteins were resolved in SDS-polyacrylamide gels (30) and transferred to Immobilon-P membranes for 2 h at 60 V. Homogenates were then incubated with a mixture of DNase I and RNase A (final concentrations of 250 g/ml each) for 10 min on ice. Next, protein precipitation was performed in an 80% final concentration of cold acetone for 20 min on ice, followed by centrifugation at 14,000 rpm for 15 min at 4°C. After the protein pellet was dried completely, it was resuspended in 200 l of buffer U, containing 9 M urea, 4% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate}, 65 mM DTE, and 0.1% ampholytes (Bio-Lyte 3/10, no. 163-1113; Bio-Rad), and centrifuged at 14,000 rpm for 15 min at 4°C. Protein quantification of the supernatant was carried out using the Bradford assay (8a), and 50 g of the sample was diluted to a final volume of 125 l with buffer U.
Phosphatase treatment was performed on the harvested cells with phosphatase (400 U/l; Calbiochem) in 20 l buffer P (150 mM Tris-HCl [pH 8], 2 mM NaCl, 2 mM EDTA, 10% glycerol, 0.2% Nonidet P-40, 5 mM DTT, 2 mM MnCl 2 , 100 g/ml BSA containing protease inhibitors [1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 0.1 U/ml aprotinin]) for 30 min at 30°C.
(ii) Performance of 2D electrophoresis. Two-dimensional (2D) first-dimension electrophoresis was performed as isoelectric focusing (IEF) with precast, immobilized pH gradient IPG gel strips (ReadyStrip IPG Strip, 7 cm, pH 3 to 10; no. 163-2000 [Bio-Rad]) by using a PROTEAN IEF system (no. 165-4000; Bio-Rad). Sample application and rehydration of the strips were carried out using the passive method according to the manufacturer's instructions (Bio-Rad). Next, focusing was performed at 12,500 to 20,000 V per hour. IEF gels were equilibrated for 10 min in 1 ml of buffer E (6 M urea, 0.375 M Tris [pH 8.8], 2% SDS, 20% glycerol, and 2% [wt/vol] DTE), and the second-dimension run was carried out as described by Laemmli (30) . After electrophoresis, gels were transferred to Immobilon-P transfer membranes (Millipore) and immunoblotted, essentially as described above.
RESULTS
Characterization of the CaM-binding domain of p21. We have previously reported that p21 is able to bind CaM and that this binding was mimicked by a peptide corresponding to the last 20 C-terminal amino acids of p21 (52) . To further characterize the CaM-binding domain of p21, GST-NT-p21 (aa 1 to 90) (where NT represents the N terminus of p21) and GST-CT-p21 (aa 91 to 164) were expressed and their binding abilities to CaM-Sepharose were analyzed. As shown in Fig. 1A , only the C-terminal moiety of p21 was able to bind to CaM. This binding occurred specifically in the presence of Ca 2ϩ . A number of peptides covering all of the C-terminal half of p21 were subsequently synthesized and coupled to Sepharose. Analysis of CaM binding to these peptides confirmed that the most relevant CaM-binding domain of p21 was in the p21 region (Fig. 1B) .
One of the most common CaM-binding domains consists of an amphipathic ␣-helix. Our previous results indicate that the C-terminal region of p21 (aa 145 to 164) can adopt an ␣-helical conformation (18) . In fact, when the p21 145-164 peptide was mutated either to restrain ␣-helix formation (peptide p21 [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] [157] [158] [159] [160] [161] [162] [163] [164] with the sequence 146 (Fig. 1C) . Moreover, GST-CT-p21 constructs harboring the same mutations were also unable to bind CaM (Fig. 1D) . Our data are consistent with the fact that the C-terminal amphipathic ␣-helix domain of p21 is essential for CaM binding.
CaM inhibits PKC-mediated phosphorylation of p21 in vitro. There is increasing evidence that some residues of the C-terminal region of p21 might be phosphorylated by various kinases, including protein kinase B (PKB) and PKC, and that in some cases, this phosphorylation regulates the nuclear localization of the protein (32, 43, 60) . Thus, we aimed to analyze whether CaM was interfering with the phosphorylation of GST-CT-p21 by PKB or PKC. Results revealed that both kinases were able to phosphorylate GST-CT-p21 (Fig. 2) . Interestingly, phosphorylation of p21 by PKC was inhibited by CaM, whereas p21 phosphorylation by PKB was not. The effect of CaM on p21 phosphorylation by PKC was specific because the inhibition was observed in the presence of Ca 2ϩ but not in the presence of EGTA (Fig. 2B) . SET and E7, proteins that also interact with the C-terminal region of p21, did not effect p21 phosphorylation by PKC (data not shown).
Pseudophosphorylation of p21 Ser153 increases the cytoplasmic localization of p21. We further aimed to identify putative phosphorylation sites in the CaM-binding domain of p21 that could be involved in the regulation of the intracellular (41), and p21 mutants mimicking phosphorylation of the C-terminal region of p21 were fused to GFP and expressed in COS cells. After transfection, we quantified the percentage of cells showing only nuclear localization (Fig. 3A) . As shown in Fig. 3B , GFP-p21S153D showed an increased cytoplasmic localization. In contrast, all of the other single mutants, GFP-p21T145D, GFP-p21S146D, and GFP-p21S160D, did not significantly alter their nuclear localizations. We also analyzed the intracellular distribution of double mutants. Results revealed that the simultaneous mutation of both T145D and S153D increased the cytoplasmic localization of p21 (Fig. 3B) . In contrast, the association of either S146D or S160D with S153D led to levels of cytoplasmic p21 similar to those observed in the S153D single mutant. It has previously been described that in HER-2/neu 3T3 transformed fibroblasts, the phosphorylation of T145 by AKT induced a cytoplasmic localization of p21 (60) . Transfections were repeated in NIH 3T3 cells, and in agreement with these results, GFP-p21T145D had a major cytoplasmic localization in NIH 3T3 cells (Fig. 3C) . Interestingly, the S153D mutation also inhibited in these cells the accumulation of GFP-p21 into the nucleus, and again an additive response was observed with the double T145D S153D mutant. The effect of the S153D mutation on the intracellular localization of p21 was confirmed by cell fractionation, followed by Western blotting of COS cells. As shown in Fig. 3D , the S153D mutant of p21 was observed mainly in the cytoplasm, supporting that phosphorylation of S153 is crucial for the cytoplasmic localization of p21. To confirm the effect of Ser153 phosphorylation on the nuclear localization of p21, the localization of p21 fused to HA was also analyzed. In concordance with results obtained with GFP-fused proteins, the percentage of cells with HA-p21 only in the nucleus was lower when p21 was pseudophosphorylated at Ser153 than in the WT p21 (Fig. 4) . Moreover, when expressing HA-p21NLS and HA-p21S153D, cells with almost no nuclear signal could be seen (Fig. 4B) . This was not ob- served in GFP-fused mutants (Fig. 3A) , most probably because GFP itself has some affinity for the nucleus.
In vivo phosphorylation of p21 at Ser153 is regulated by CaM and PKC. We first analyzed whether the Ser153 residue of p21 was phosphorylated in vivo. COS cells were transfected with HA-p21WT or HA-p21S153A (a nonphosphorylatable mutant of p21 at position 153). Protein extracts were subsequently separated by 2D gel electrophoresis, and the mobility of HA-p21 was analyzed by Western blotting with anti-HA antibodies. As shown in Fig. 5A , HA-p21WT showed a pattern of several spots that, when treated with phosphatase lambda, were reduced to the more basic spot, indicating that HA-p21 was in fact a phosphoprotein in vivo. On the contrary, HAp21S153A showed a major basic spot, and the pattern was not greatly changed upon phosphatase treatment. Thus, Ser153 is a major phosphorylation site of p21 in COS cells. To analyze whether this phosphorylation was regulated by CaM and PKC, an antibody that specifically recognized the phosphorylated form of p21 at Ser153 was generated. Confirming the results obtained with 2D gel electrophoresis, phospho-Ser153 p21 was detected in COS cells transfected with HA-p21WT, whereas no signal was observed in cells transfected with HA-p21S153A. These results indicate that the antibody specifically recognized phosphorylation of Ser153. When cells were treated with 12-O-tetradecanoylphorbol-13-acetate (TPA) in order to activate PKC plus W13 to inhibit CaM, phosphorylation of p21 at Ser153 increased (Fig. 5B) . To confirm the activation of PKC by TPA treatment of COS cells, phosphorylation of MARCKS (myristilated alanine-rich C kinase substrate) was also determined (Fig. 5B) .
Phosphorylation of p21 at S153 by PKC induces the cytoplasmic localization of p21. The results described above strongly suggest that phosphorylation of Ser153 of p21 by PKC might be important for the regulation of the intracellular localization of p21. Thus, we aimed to further confirm this hypothesis. To this end, COS cells were transfected with HAp21WT or HA-p21S153A expression vector and the intracellular distributions of these proteins were analyzed by immunocytochemistry with anti-HA antibodies. As can be seen in Fig. 6 , the treatment of cells with TPA plus W13 induced a 40% decrease in the nuclear localization of the HA-p21WT protein. In contrast, this treatment did not significantly affect the intracellular distribution of the HA-p21S153A protein.
These results indicate that phosphorylation of the S153 residue of p21 is critical for the cytoplasmic localization of this protein in response to PKC activation plus CaM inhibition. Furthermore, when HA-p21S153A was expressed in NIH 3T3 cells, an increased nuclear localization (85% of the transfected cells) from that of HA-p21WT (62% of transfected cells) was observed, indicating that in proliferating NIH 3T3 cells, phosphorylation of Ser153 of p21 was relevant. In NIH 3T3 cells, localization of HA-p21S153A was also not modified upon treatment with TPA plus W13. Pseudophosphorylation of p21 at Ser153 inhibits binding of p21 to CaM. We further studied whether the phosphorylation of p21 at S153 affects the interaction of p21 with CaM. The associations of CaM with p21 145-164 (the WT CaM-binding domain) and with the same peptide containing an S153D mutation (to mimic a phosphorylation status) were analyzed (Fig.  7A) . We also analyzed the associations of CaM with GSTCTp21WT, GST-CTp21S153D, and GST-CTp21S153A (Fig.  7B) . In both experiments, pseudophosphorylation of S153 strongly inhibited the binding of CaM to the CaM-binding domain of p21.
Binding of CaM to p21 is not in itself essential to induce nuclear translocation of p21. Finally, we wanted to discard the possibility that p21S153D was more cytoplasmic due directly to its incapacity to bind CaM. To this end, we studied the intracellular distribution of a p21 mutant (GST-CTp21 157 DID 159 ) that did not bind CaM (Fig. 1C) and that is not phosphorylated by PKC (Fig. 8A) . COS cells were transfected with HA-p21WT or HA-p21 157 DID 159 expression vector, and the intracellular distributions of the fusion proteins were analyzed by immunocytochemistry with anti-HA antibodies. The proportions of cells with only nuclear protein were high and similar in both cases, indicating that the interaction of p21 with CaM was not in itself essential to induce the nuclear translocation of p21. Furthermore, corroborating the fact that the p21 HAp21 157 DID 159 protein could not be phosphorylated by PKC, the intracellular distribution of HA-p21 157 DID 159 was not affected by TPA plus W13 treatment (Fig. 8B) .
Ability of p21 phosphorylated at Ser153 to disrupt stress fibers and to bind to PCNA. It is known that nuclear and cytoplasmic p21 have very different roles. While DNA synthesis inhibition is achieved mainly by nuclear p21 and is partially due to PCNA inhibition, stress-fiber disruption is an effect of cytoplasmic p21. We analyzed whether cytoplasmic HAp21S153D or HA-p21S145D inhibited stress-fiber formation with the same efficiency as cytoplasmic HA-p21WT or cytoplasmic HA-p21NLS. To this end, NIH 3T3 cells were transfected with the different constructs, and immunocytochemistry to detect HA was performed together with phalloidin staining. The percentage of cells with stress fibers for each p21 mutant among the cells that presented p21 either in the nucleus or in the cytoplasm was measured. As shown in Fig. 9A and B, when present in the cytoplasm, HA-p21 (WT, NLS, S153D, or T145D) disrupted stress fibers with the same efficiency. On the contrary, in the few cells expressing HA-p21S153D, HA- p21S45D, or HA-p21NLS only in the cell nucleus, stress fibers were not affected, as was the case with HA-p21WT cells. We conclude that in NIH 3T3 cells, phosphorylation of p21 at Ser153 or at Thr145 inhibits the nuclear translocation of p21 and consequently induces disruption of the stress fibers. Since Ser153 is in the PCNA-binding domain of p21, we also analyzed whether phosphorylation of this residue could affect binding to PCNA. BIAcore analysis with GST-CTp21WT and GST-CTp21S153D indicated that both proteins had the same affinity for PCNA: 1.3 M and 1.4 M, respectively (Fig. 10A) . Furthermore, when located in the nucleus, both proteins GFPp21WT and GFP-p21S153D equally inhibited DNA synthesis measured as BrdU incorporation (Fig. 10B) . In conclusion, when p21 phosphorylated at Ser153 can enter into the nucleus, most probably because it is not forming high-molecular-weight complexes, it is able to inhibit DNA synthesis.
DISCUSSION
There is evidence indicating that the different functions of p21 rely, at least in part, on its intracellular localization. While nuclear p21 inhibits cell proliferation, cytoplasmic p21 does not and, in contrast, is able to increase survival and cell motility. Due to the quite opposite roles of this protein in these two compartments, it is of great interest to know how its translocation is regulated.
We have previously shown that CaM is able to bind to the C terminus of p21 and that, in fibroblasts, the inhibition of CaM prevents its translocation to the nucleus (52) . The mechanism by which CaM regulates the intracellular localization of p21 was analyzed here. We have determined that the only CaMbinding domain of p21 is located within the p21 145-164 region. The p21 protein has been shown to be phosphorylated at serine and threonine residues included in the CaM-binding domain by a number of different kinases (24, 43, 60) . Furthermore, at least one of these phosphorylations was shown to inhibit its nuclear accumulation (60) . We analyzed a possible role for CaM in the regulation of p21 phosphorylation. In agreement with published results, p21 was phosphorylated in vitro by PKB and by PKC (24, 43, 60) . We have shown here that CaM specifically inhibits phosphorylation by PKC but not by PKB and that it is Ca 2ϩ dependent for this inhibition. The inhibition of protein phosphorylation by CaM binding has already been described for other CaMBPs, like neurogranin, neuromodulin, and MARCKS (9) . Furthermore, in all of these cases (and also shown here for p21), once the CaMBP is phosphorylated, its affinity for CaM is significantly reduced. It has been suggested that, as a consequence, CaM and PKC obstruct each other's action because of the embedding of PKC phosphorylation sites in the CaM-binding domain. Interestingly, the PKC isoforms that are able to phosphorylate p21 (PKC and PKC ) are Ca 2ϩ independent (24, 42) ; consequently, at low Ca 2ϩ concentrations, when CaM does not bind to p21, they would be able to phosphorylate it.
A controversy exists over the effect of the phosphorylation of the p21 C terminus. Zhou et al. (60) showed that p21T145D has a cytoplasmic localization in Her-2/neu-overexpressing cells and that this threonine is phosphorylated by PKB. For other cell types, it has been shown that PKB phosphorylates Thr145 and Ser146 (32) and that, while phosphorylation of Thr145 inhibits binding of p21 to PCNA, phosphorylation of Ser146 increases p21 stability. Finally, Scott et al. (42, 43) demonstrated that phosphorylation of p21 at Ser146 by an atypical PKC also leads to decreased binding of p21 to PCNA but to an increased instability of p21 in HeLa and HCT116 cells. We have mutated all serines and threonines present in the CaMbinding domain to aspartate, to mimic phosphorylation of this residue, and analyzed the intracellular localization of the GFPp21 proteins. In COS cells, the substitution of a pseudophosphorylated residue for Thr145, Ser146, or Ser160 did not have a significant effect on the nuclear localization of GFP-p21, but when Ser153 was changed to aspartate, a significant decrease in the percentage of cells with p21 located exclusively in the nucleus was observed. These results were confirmed by Western blot analysis after cell fractionation. Interestingly, when double mutants were analyzed, an additive response was observed between the S153D and T145D substitutions. In contrast to COS cells, in NIH 3T3 cells, a T145D mutation reduced the nuclear accumulation of p21. The S153D mutation effect appears to be more general, because it was observed for both COS and NIH 3T3 cells. Most probably, the phosphorylations of Thr145 and Ser153 collaborate in inhibiting nuclear accumulation of p21. Then, if in some cell type, phosphorylation of one of the residues is constitutively high, phosphorylation of the other residue could strongly affect the localization of the protein. The role of Ser153 phosphorylation in reducing the nuclear accumulation of p21 was confirmed by using HAfused p21.
We focused on the analysis of Ser153 phosphorylation because it is a novel phosphorylation site of p21 and because phosphorylation of Thr145 has been reported to be mediated by AKT and not by PKC. Two-dimensional gel analysis showed that when HA-p21WT is expressed in COS cells, different spots appear, indicating different phosphorylation states of the protein. In contrast, phosphorylation spots were drastically reduced when HA-p21S153A was expressed, indicating that Ser153 is a major phosphorylated-residue and suggesting that its phosphorylation may favor further phosphorylation in other residues. Western blot analysis using anti-phosphoSer153-specific antibody definitively showed that p21 is phosphorylated in vivo at this residue and that this phosphorylation can be increased when PKC is activated in the absence of active CaM. In agreement with our previous results for normal rat kidney cells (52), we have now shown that in COS cells, the inhibition of CaM plus TPA treatment decreases the nuclear localization of the WT p21. Interestingly, this is not the case when residue 153 cannot be phosphorylated (p21S153A). Considering these results together with the fact that S153D is the only single mutation that exerts a significant inhibition of nuclear accumulation of p21 in these cells, we conclude that CaM prevents phosphorylation of p21 by PKC at serine 153 and, consequently, enhances its nuclear accumulation. Inhibition of nuclear accumulation of p21S153D was not due to a lack of CaM binding, since a p21 mutant that did not bind CaM and could not be phosphorylated by PKC translocated into the nucleus with the same efficiency as the WT p21. Furthermore, reduced nuclear localization of p21S153D cannot be due to a reduced affinity to PCNA (that could act as a nuclear anchor), because we have shown that phosphorylation of Ser153 does not change the affinity of p21 for PCNA. Most probably, a negative charge at position 153 of p21 after its phosphorylation by PKC interferes with the binding of importin ␣ to the NLS region. A reduced affinity of importin ␣ to classical nuclear localization sequences after phosphorylation of residues surrounding the region has already been described (22) . Considering also the results by Zhou et al. (60) , we propose that both kinases, PKC phosphorylating Ser153 and AKT phosphorylating Thr145, could collaborate in inhibiting the nuclear accumulation of p21.
During the G 1 phase of a normal cell cycle, most cellular p21 localizes into the cell nucleus, and if CaM is inhibited, cytoplasmic p21 increases (51, 52) . This suggests that CaM is at that moment important to the prevention of p21 phosphorylation by the active PKC found in the cell. Interestingly, colocalization of p21 and CaM has been reported under these conditions (52) . Cytoplasmic accumulation of p21 in correlation with PKC activation has been reported in monocytic differentiation (3) and in thrombin-induced myofibroblasts (8) . It would be interesting to know if phosphorylation at Ser153 occurs and if it also correlates with a decrease in intracellular free Ca 2ϩ . Furthermore, while the last version of the manuscript was in preparation, it was reported that the nuclear kinase Mirk/dyrk1B can phosphorylate p21 at Ser153, causing p21 to localize in the cytoplasm during differentiation of C2C12 myoblasts (38) . Thus, including these and our results, up to three different kinases have been shown to be involved in the regulation of the intracellular localization of p21. We show here that CaM prevents phosphorylation by PKC but not by AKT. It would be interesting to show whether CaM could also inhibit phosphorylation by Mirk/dyrk1B and whether this kinase and PKC phosphorylate p21 in different intracellular compartments.
Cytoplasmic and nuclear p21 have different functions: while nuclear p21 inhibits DNA synthesis, functioning as a tumor suppressor, cytoplasmic p21 has the oncogenic role of disrupting stress fibers and inhibiting apoptosis (5, 14) . We analyzed here whether phosphorylation of p21 at Ser153 affects only the intracellular distribution of p21 or also its functionality in each intracellular compartment. We show that Ser153 phosphorylation does not interfere with the capacity of cytoplasmic p21 to disrupt stress fibers and that, in cells in which p21 phosphorylated at Ser153 is able to enter the nucleus, maybe because it is not complexed to other proteins, it can inhibit DNA synthesis with the same efficiency as p21WT. This correlates with the fact that phosphorylation of Ser153 does not affect PCNA binding.
We propose that CaM prevents phosphorylation of p21 by PKC, favoring the nuclear translocation and tumor suppressor functions of p21. Consequently, an inhibition of CaM function (e.g., decrease in free Ca 2ϩ ) together with an activation of PKC could favor the oncogenic function of p21.
